abstract: We reexamine the theoretical and empirical basis for the "repayment model" of Emlen, Emlen, and Levin, which predicts that the overall sex ratio of offspring in cooperative-breeding species with helpers at the nest should be biased toward the more helpful sex. We conclude that in theory the model may yield a biased sex ratio but only under restricted conditions that are unlikely to be met in most populations. In those cases where the model is potentially applicable, estimates of both direct and indirect fitness of sons and daughters are necessary in order to avoid double accounting. As a result, extensive demographic data are required to determine the expected sex-ratio bias. Empirically, none of the three examples originally suggested as supporting the repayment model withstand critical scrutiny. Using long-term demographic data from two populations of one of these species, the red-cockaded woodpecker (Picoides borealis), we determine that the model predicts a biased sex ratio not observed in the data. This suggests that confounding factors may counter the sex-ratio bias predicted by the model, that the extensive empirical data available for this species may be insufficient to test the model, or that there are as yet unknown theoretical difficulties with the model. Finally, we discuss the recently reported case of the Seychelles warbler (Acrocephalus sechellensis). The extraordinarily biased sex ratios reported in this species are in accord with those predicted by the model when applied at the scale of individual groups but not at the population level. Additional empirical work is necessary to determine what, if any, the generality and usefulness of the repayment model may be.
the overall sex ratio of offspring has been reported to be biased toward the more helpful sex. To account for this, Malcolm and Marten (1982) and, more extensively, Emlen et al. (1986a;  subsequently elaborated by Lessells and Avery 1987) proposed the "repayment model." Following from the theoretical work of Fisher (1930) and Trivers and Willard (1973) , the basis of the model is that helpers repay part of the cost of their production by assisting their parents in subsequent breeding attempts, and hence, the net cost of their production is lessened. Parents are then predicted to bias the sex ratio in favor of the more helpful sex.
The repayment model has been suggested as a possible explanation for apparent sex biases in several species, including the red-cockaded woodpecker Picoides borealis (Gowaty and Lennartz 1985) , African wild dog Lycaon pictus (Malcolm and Marten 1982) , and green woodhoopoe Phoeniculus purpureus (Ligon and Ligon 1990a) . More recently, Komdeur and his colleagues (Komdeur 1996; Komdeur et al. 1997) found that in Seychelles warblers (Acrocephalus sechellensis) the sex ratio of offspring produced on high-quality territories is spectacularly biased toward females, the sex more likely to remain at home.
Given this apparent empirical support, the seemingly wide acceptance of the model (e.g., Clutton-Brock 1991) , and the development of molecular techniques that are likely to aid in the acquisition of considerably more data on avian sex ratios (Ellegren and Sheldon 1997) , we believe it is an appropriate time to reexamine the repayment model. Here we reevaluate the theoretical and empirical basis of the model, making explicit basic assumptions not emphasized by prior treatments. We conclude that the model may yield a biased sex ratio but only under restricted conditions that are unlikely to be met in many, perhaps most, cases. The equivocal nature of the available empirical data supports this conclusion. Emlen et al. (1986a) measured the repayment by helpers as aP, where a is "the relative effectiveness of a helper at nurturing additional young, compared with the average effectiveness of either parent" (p. 2), and P is the proportion of males that act as helpers. They estimated a as twice the number of additional offspring surviving to termination of parental care as a consequence of helpers, normalized by the average brood size at fledging in the absence of helpers (Emlen et al. 1986b) .
Sex-Ratio Theory and the Repayment Model
Sex-ratio theory predicts a bias toward a sex if the fitness gain through that sex exceeds the fitness loss through the other (Charnov 1982; Frank 1990 ). Thus, if the expected fitness payoff of producing sons and daughters is identical, then selection should favor overproduction of the cheaper sex, defined in terms of substitution (or relative) cost of the sexes. Emlen et al. (1986a) , in their formulation of the repayment model, implicitly assume that the average fitness of offspring that help is equal to that of offspring that do not help if the indirect fitness benefits gained by helpers as a result of their helping behavior are excluded. We will call this fitness component that is assumed equal "direct fitness." As a consequence, Emlen et al. (1986a) assume that offspring that help contribute more to parental fitness than offspring of the same sex that do not help, direct fitness of offspring that help is equal to that of members of the opposite sex that do not help, and the fitness gains derived through producing the helping sex exceed the fitness losses due to failure to produce the nonhelping sex by an amount exactly equal to the additional number of offspring produced by parents as a consequence of breeding with the benefit of helpers.
These assumptions will seldom be valid because the average direct fitness of males and females generally will not be equal. This becomes evident when the model is corrected to avoid what has become known as the doubleaccounting problem (Grafen 1984; Brown 1987) . The repayment model requires that one sex, say males, delays dispersal more often or longer than the other and, thus, helps more. The model then depends on crediting the increase in reproduction resulting from helping to the helper, that is, to sons. If this increase is also credited to breeders in computing direct fitness, double accounting occurs. Therefore an additional implicit assumption of the repayment model is that the quantity that must be subtracted from the direct fitness of males and females to avoid double accounting is the same for the two sexes. Creel (1990 ) used Hamilton's (1964 algebraic definition of inclusive fitness to show that the component that must be subtracted in such computations (e o ) is equal to the average effect of one individual on others' fitness, which is the product of the fraction of individuals in the population that provide help and the average effect of help per helper (Lucas et al. 1996) . Lucas et al. (1996) have shown that e o will differ between individuals pursuing different life-history tactics if inclusive fitness values are summed over more than a single reproductive season and if alternative tactics differ in their mortality schedules. This is likely to be the case in the scenario under discussion, and the effect will likely be to cause direct fitness of females to exceed that of males. Thus, whether the repayment model predicts a sex ratio biased toward males will depend on whether the greater repayment by sons has a larger effect on parental fitness than the greater direct fitness of daughters resulting from their greater tendency to pursue early reproduction. It will generally be the case that when one sex helps more than the other, the life histories of the sexes also will differ in other respects that will cause their direct fitness to be unequal. Koenig et al. (1992) made a distinction between species in which individuals reap sufficient benefits from delayed dispersal and group living such that they achieve higher lifetime fitness than individuals that disperse and breed immediately ("intrinsic benefits to delayed dispersal") and species in which the intrinsic benefits promoting delayed dispersal do not outweigh those potentially gained from early reproduction ("extrinsic constraints to immediate dispersal"). Assumptions of the repayment model are more likely to be met in species characterized by intrinsic benefits to delayed dispersal than in those characterized by extrinsic constraints to immediate dispersal. Whether or not they hold depends on the relative direct fitness of individuals pursuing the alternate tactics of early dispersal and staying to help, and the proportion of individuals pursuing each. At the very least, one must calculate the direct fitness of those practicing these two tactics rather than assume they are equal. This involves measuring not only differences in fecundity but also differences in mortality schedules and in probabilities of obtaining a breeding position. Calculation of direct fitness will be complicated by subtraction of fitness components to avoid double accounting, as described above.
A formulation that allows for differences between the sexes in direct fitness is necessary to determine if a biased sex ratio is predicted by the repayment model. One must allow for multiple life-history tactics within a sex and different fitness for those tactics as well. In the terminology of Emlen et al. (1986a) , one can no longer assume that males and females cost the same, that is, that .
Differences in the direct fitness of males and females must be incorporated into C m and C f . As a consequence, the more complex equation (16) of Emlen et al. (1986a) must be used instead of the simplified form of equation (17). This greatly increases the data required to employ the model and complicates precise calculation of an expected sex ratio.
Red-Cockaded Woodpeckers
With these considerations in mind, we revisit the case of the species to which the repayment model was first applied, the red-cockaded woodpecker (Emlen et al. 1986a ). Helpers in this species are mostly, although not entirely, male (Lennartz et al. 1987; Walters 1990 ). In the data cited by Lessells and Avery (1987) , the ratio of male : female helpers is approximately 10 : 1, whereas in a North Carolina population, the ratio was approximately 27 : 1 (Walters et al. 1988) . Sons therefore have a greater opportunity to "repay" their parents as helpers than do daughters in this species but apparently to different degrees in different populations.
The sex-ratio bias prompting Emlen et al.'s (1986a) paper stems primarily from Gowaty and Lennartz's (1985) report of a sex ratio of 0.59 males for both nestlings and fledglings based on 168 individuals (166 fledglings) from South Carolina, a ratio that is significantly different (twotailed ) from 50 : 50. However, based on a conp ϭ .025 siderably larger sample of 984 fledglings from North Carolina, Walters (1990) found a sex ratio of 0.496 males, which is not significantly different from 50 : 50. Apparently a uniform male bias does not hold for this species.
Red-cockaded woodpecker helpers do, however, appear to generally enhance reproductive success (Emlen et al. 1986a; Lennartz et al. 1987; Walters 1990 ). The best estimate available indicates that a helper increases reproductive success by 0.39 fledglings year Ϫ1 (Heppell et al. 1994) . Thus a repayment difference between the sexes on which a biased sex ratio might be based, according to the model, exists in this species.
In red-cockaded woodpeckers, many males are helpers, whereas the majority of females are early dispersers (Walters et al. 1988 (Walters et al. , 1992a Walters 1990) . Delayed dispersal appears to result from extrinsic constraints to immediate dispersal (Walters et al. 1992b ). Whether or not the repayment model will predict a biased sex ratio is not obvious as the life histories of males and females differ. Furthermore, since the proportion of males that help, and thus the magnitude of repayment, varies among populations and the consequences of potential differences between the sexes in direct fitness have not been explored, differences between populations in sex ratio are expected. Below we perform the calculations necessary to determine whether the observed sex ratio is consistent with the repayment model for two populations.
Methods
There are sufficient data to calculate expected sex ratios using the repayment model for two red-cockaded woodpecker populations, both of which exhibit unbiased sex ratios. These are the North Carolina Sandhills population (sex ratio 49.6% male ; Walters 1990 ) and the Camp LeJeune population in coastal North Carolina (sex ratio 49.4% male; this study). For both populations, we used the value of 0.284 based on Heppell et al. (1994) as a/2. The data are similar in kind and were collected in the same way in both populations; methodology is described in detail in Walters et al. (1988) . Briefly, the data consist of an annual breeding-season census in which all individuals from this completely marked population are identified from their color-band combinations and their group membership and status, within the group determined, and monitoring of all nests, from which the number and sex of the fledglings produced by each group are determined.
Each April, the cavity trees used by each group were inspected for nesting activity. Thereafter, active trees were checked every 7-11 d. Nestlings were pulled from the cavity and banded with unique color-band combinations at age 6-10 d. Groups were censused within 2 wk (usually 3-5 d) of the projected fledging date to identify fledglings; an additional visit was made if all young banded as nestlings were not observed during the first census. Young were sexed at this time based on the presence (male) or absence (female) of a red crown patch.
Adults were identified during nest visits and fledgling checks. If there was any uncertainty about the identity or number of adults, additional follow-up visits were conducted or individuals were identified at their roost cavities. Birds were captured from their roost cavities for banding or sometimes to facilitate identification.
We used data from 1980-1995 for the Sandhills population and from 1986-1996 for Camp LeJeune. Age-specific l x and m x values were calculated for both populations, subtracting e o from each m x value to avoid double accounting to compute direct fitness for each sex. Following Emlen et al. (1986a) , we estimated P by the number of male helpers divided by the number of male fledglings. Following Lucas et al. (1996) , we multiplied the proportion of the adult population that are helpers by an average helper's effect on breeder reproductive success (0.39/2; Heppell et al. 1994 ) yielding e o measured in offspring pair Ϫ1 or females female Ϫ1 . In calculating direct fitnesses for the Sandhills, the maximum age was set at 13 yr for males and 11 yr for females; no birds were observed to survive beyond these ages. To estimate l x and m x values, data were combined for 11-13-yr-old males ( ) and for 9-11-yr-old females ( n ϭ 28 n ϭ ). Sample sizes were 110-910 for 1-7-yr-old males, 20 31-82 for 8-10-yr-old males, 130-712 for 1-5-yr-old females, and 19-84 for 6-8-yr-old females. Sample size of fledglings was 2,031 females and 1,998 males.
Our calculations indicate that in the Sandhills direct fitness of females was 1.2% higher than direct fitness of males. Therefore we set and . We then
calculated the expected number of male fledglings per female fledgling using equation (16) of Emlen et al. (1986a) From Heppell et al. (1994) , the contribution of a helper divided by the fecundity of an unassisted breeder, controlling for territory quality and breeder age. and converted the result to the expected proportion of offspring that are male.
We lacked data for birds older than 10 yr for Camp LeJeune and therefore set the maximum age for both sexes at 13 yr and combined data for 6-yr-old-and-older females ( ) and 7-yr-old-and-older males ( ). Sample n ϭ 27 n ϭ 23 sizes were 20-106 for 1-5-yr-old females, 26-135 for 1-6-yr-old males, 256 for male fledglings, and 262 for female fledglings. Our calculations indicated that at Camp LeJeune direct fitness of males was higher by 0.5% than direct fitness of females so we set and . In C ϭ 1 C ϭ 1.005 m f this population, female helpers are not unusual, with a ratio of male : female helpers of 8 : 1. To adjust for repayment from females, we computed P for females and males separately and subtracted the female value from the male value. We used this difference as our value for P in calculating an expected sex ratio from equation (16) of Emlen et al. (1986a) .
Results
For the Sandhills population, we estimated e o to be 0.033; other parameter estimates are summarized in table 1. The sex ratio predicted from the repayment model for the Sandhills population was 0.587, which is well outside the 95% confidence interval (CI) around the observed value of 0.496 (95% ). The predicted value was CI ϭ 0.464-0.528 only slightly affected by adjusting for differences in direct fitness. Assuming and using equation (17) of C ϭ C f m Emlen et al. (1986a) , the expected sex ratio is 0.590. For Camp LeJeune, e o was estimated as 0.039; other parameter estimates are again in table 1. The expected sex ratio for the Camp LeJeune population was 0.590, which again is well outside the 95% confidence interval around the observed value of 0.494 (95% ). Fur-CI ϭ 0.450-0.538 ther, the expected sex ratio calculated from equation (17) of Emlen et al. (1986a) , assuming no difference in direct fitness, again was nearly identical (0.588) to the value obtained from equation (16).
Discussion
When correctly taking into account the direct fitness consequences of different life-history tactics, the repayment model may predict a strongly biased sex ratio less often than previously thought and may even predict a sex ratio biased toward the nonhelping rather than helping sex in some instances. This should not be surprising. As originally formulated by Emlen et al. (1986a) , choosing to delay dispersal and help rather than disperse was assumed to have no consequences for direct fitness, whereas much of the controversy in the cooperative-breeding literature centers on the paradox that helpers are, at least potentially, forgoing breeding opportunities.
In the case of red-cockaded woodpeckers, the adjustments required to account for differences in direct fitness had only a small effect on the predicted sex ratio, but the predicted bias was not observed in either of two large data sets. This discrepancy could be for at least three reasons. First, confounding factors such as sex-biased dispersal resulting in local resource competition (Clark 1978 ) may counter the sex-ratio bias predicted by the repayment model. To the extent that such multiple selective agents interact, it is extremely difficult to test predictions of a single hypothesis for biased sex ratios (Koenig and Dickinson 1997) . Second, our empirical data may be insufficient in either quantity or quality to test the repayment model. Much data, and a few assumptions, are required to estimate the parameters of the model, and errors in estimation are compounded by using products of estimates to arrive at a value for predicted sex ratio. Nonetheless, if we consider that the data come from completely marked populations of roughly 225 groups observed for 16 yr and 35 groups observed for 11 yr, few studies will be able to obtain more accurate estimates. If this level of effort is insufficient, then it will seldom be possible to employ the model to good advantage. Third, the repayment model may be an insufficiently strong evolutionary force to result in globally biased sex ratios.
The repayment model failed to account for observed sex ratios in the Sandhills and Camp LeJeune red-cockaded woodpecker populations. Are the sex ratios observed in other cooperative breeders in the dozen years since its publication consistent with the model? Species to which the repayment model is potentially applicable include only those in which there is a significant difference between the sexes in the tendency to delay dispersal and remain as a nonbreeding helper. Of the 146 species of cooperatively breeding birds classified by Brown (1987) , only 10 (7%) are listed as being singular breeders with male helpers and thus most likely meet this criterion; no similar classification is available for mammals. Therefore the number of species for which the model is likely to predict a biased sex ratio may be relatively small. There are three species for which biased sex ratios have been reported; not all of these were suggested as being due to the repayment model by the original authors (e.g., green woodhoopoes), but all have subsequently been cited in this context. We will briefly discuss each.
Green Woodhoopoes
Ligon and Ligon (1990a) found that the overall sex ratio among 233 green woodhoopoe fledglings was 45.5% male, which is not significantly different from a 50 : 50 ratio. The sex ratio was slightly female biased, but not significantly so, among both small and large flocks. Sex ratio of fledglings was significantly female biased, however, among early first broods of small groups (defined as those with no more than two helpers; 71% of 42 fledglings) and early broods of one produced by small groups (79% of 14 fledglings).
The potential applicability of the repayment model in this case is not clear since the overall sex ratio of fledglings was not significantly biased. However, the evidence is suggestive of a possible female bias, at least among certain subsets of small groups, despite small sample sizes. Ligon and Ligon (1990a) offer evidence that female helpers feed young at greater rates than their male siblings, a difference that potentially could result in a biased sex ratio under the repayment model. However, at least three factors argue against this. First, although female helpers feed more frequently than male helpers, they feed smaller food items, resulting in no significant difference between the insect biomass delivered per hour by male and female helpers (Ligon and Ligon 1990a) . Second, the overall influence of helpers on reproductive success is small, and there is no significant relationship between group size and annual reproductive success (Ligon and Ligon 1990b) . Thus the potential repayment, if any, is apparently trivial. Third, there is sexual dimorphism in size in this species, with adult males weighing approximately 20% more than adult females. Therefore females presumably are less expensive to produce and are more likely to be reared successfully when food is scarce or when nest helpers are few (Ligon and Ligon 1990a) . This could explain the sex-ratio bias among fledglings in small groups early in the year when food is apparently relatively scarce (Ligon and Ligon 1990a) . We conclude that the repayment difference necessary to select for a biased sex ratio under the repayment model is unlikely to exist in this species and that a more viable alternative explanation of the biased sex ratios that occur under certain conditions exists. Malcolm and Marten (1982) found that African wild dog sons remain as apparently nonbreeding helpers more frequently than do daughters, a pattern that, combined with data suggesting a male-biased sex ratio at or near birth, led them to first propose the repayment model. Close examination reveals several problems with this case, however. First, Malcolm and Marten's (1982) sex-ratio data are from Frame et al. (1979) , who sexed 96 pups in their first month and found 57 (59%) males. Contrary to statements by both Frame et al. (1979) and Malcolm and Marten (1982) , this value is not significantly different from a 50 : 50 ratio (binomial test, z value corrected for , continuity ϭ 1.73 two-tailed ). Second, the relationship between p ϭ .08 number of adult helpers and reproductive success reported by Malcolm and Marten (1982) , incorporating data collected over 10 yr, is also not significant ( ,
African Wild Dogs
, two-tailed ). Thus, it is not clear 17 z ϭ 1.49 p ϭ .14 whether a sex-ratio bias demanding explanation exists or whether a repayment difference that might account for a sex-ratio bias exists. Of course, if there is no repayment difference, the model would predict an equal sex ratio.
In support of their hypothesis, Malcolm and Marten (1982) make a case for the importance of helpers by suggesting that pairs of wild dogs without helpers are unlikely to breed successfully and, hence, that helpers play a critical role despite the insignificant relationship between number of helpers and reproductive success. In essence, their argument is that a repayment difference occurs only within a small subset of the situations in which helpers occur and thus that the repayment value is quite small. At best, then, the repayment model predicts a slight bias in sex ratio.
Whether a bias is in fact predicted will depend on relative values of direct fitness. In this species, both sexes may either help or disperse. There are thus a variety of scenarios possible under which direct fitness of helping males may be sufficiently less than that of either dispersing males or females such that no sex-ratio bias is predicted. Work by Creel and Waser (1994) clearly illustrates that what we have termed "direct fitness" varies among individuals pursuing different life-history tactics such as occurs in this species. Even if a significant repayment difference can be demonstrated, the data are not yet sufficient to determine whether the repayment model predicts a biased sex ratio in African wild dogs.
Seychelles Warblers
There remains the recently reported case of the Seychelles warbler, where both empirical and experimental work indicate that females are able to bias the sex ratio of their single-egg clutches according to the quality of the territory on which they live and the number of previous offspring present (Komdeur 1996; Komdeur et al. 1997) . Offspring delaying dispersal are primarily, although not exclusively, females, and such additional offspring significantly enhance reproductive success on high-quality territories as long as only one or two remain (Komdeur 1994) . In apparent accord with the repayment model (Emlen 1997) , the sex ratio of offspring is biased toward females on highquality territories and biased toward males on low-quality territories.
This example is extraordinary because the sex-ratio bias (up to 90%) is far higher than that observed under any circumstances in any other bird species (Gowaty 1997) , and it is beyond the scope of this article to discuss it in detail. However, with respect to the repayment model as formulated by Emlen et al. (1986a) , it is critical to realize that the reported bias is in the local (within group), rather than the global (population-wide), sex ratio. Poor-quality territories outnumber high-quality territories, so even though warblers are more successful on good territories, the global sex ratio is actually biased toward males rather than females (J. Komdeur, personal communication) . In other words, even though the repayment model presumably would predict an overall bias toward the production of female offspring in this system since females help more frequently than males and generally increase reproductive success, the actual nestling sex-ratio bias of the population is toward males.
What this example suggests is that the selective agents hypothesized by the repayment model may be able to influence sex ratios on at least a small scale, specifically that of individual females. This is an unprecedented finding in birds, for which virtually all prior examinations of nestling sex ratios have found at most biases of much smaller magnitude and generally no bias at all (Gowaty 1997) . However, it offers no evidence that the repayment model can explain the global nestling sex ratio, much less that its parameters are able to accurately predict what the optimum global sex ratio will be.
Conclusions
The repayment model as formulated here remains a valid potential explanation for biased sex ratios in cooperative breeders, should they be found to exist, but yields the prediction of a biased sex ratio only under restricted conditions that may not be commonly met. The empirical data presently available support this conclusion: few cooperative breeders are known to exhibit a strong bias toward the sex providing help. Of the examples originally put forth as possibly supporting the repayment model and discussed above, none have unambiguously biased sex ratios in the direction predicted by the repayment model.
It is not clear how often biased sex ratios will be predicted when differences in direct fitness between the sexes and between those practicing different life-history tactics within each sex are included in the repayment model. Certainly they will be predicted less often than with the original formulation. It may be that biased sex ratios will rarely be predicted and, therefore, that the model is consistent with the empirical data. The model failed the test presented in this study, however, and otherwise remains largely untested. The repayment model has yet to accurately predict the global sex ratio of any cooperative-breeding species, although local sex-ratio biases observed in the Seychelles warbler are in accord with those predicted by application of the model on a small, within-group scale. It is currently unknown whether failure of the repayment model is because of other selective agents countering the sex-ratio bias predicted by the model, difficulties in measuring the necessary demographic parameters, or other, as yet unknown, theoretical difficulties with the model.
It would appear that when sex-ratio biases occur they are better explained by circumstances peculiar to a population, as in green woodhoopoes and Seychelles warblers, than to a general sex difference in repayment. Additional empirical work will be necessary to determine what, if any, the generality and usefulness of the repayment model may be.
